ABSTRACT
INTRODUCTION
Nuclear condensation and DNA fragmentation are typical signs of apoptosis (5, 28) . Recently, a caspaseactivated DNase was found that generates abundant DNA strand breaks in apoptotic chromatin (6) . The most widely used in situ marker of apoptosis detects these DNA breaks by enzymatic labeling of the free 3 ′ -OH ends with exogenous terminal deoxynucleotidyl transferase (TdT). The specificity of this TdT assay as a death marker depends on its ability to differentiate between apoptosis and DNA breaks induced by other mechanisms.
Cleavage of nuclear DNA is not only associated with apoptosis but also seems to accompany chromatin modifications involved in cell proliferation and differentiation (7, 26) . In situ nick translation has suggested the presence of transient DNA nicks in maturing spermatids before completion of protamination (16, 21, 24) . Escherichia coli DNA polymerase I requires doublestranded DNA bearing a single-strand break with free 3 ′ end. Then it translates this nick along the DNA by removing nucleotides in the 5 ′→3 ′ direction and replacing them with labeled exogenous nucleotides (18) . However, in a conceptually related study, mid-spermatids did not demonstrate any reactivity with TdT (27) . To test the specificity of the TdT assay for apoptotic DNA breaks and to confirm the presence of endogenous DNA nicks during spermiogenesis, mouse and rat testicular cells and cryosections were end-labeled with fluorescent nucleotides in situ. Accessibility of chromatin to exogenous molecules was controlled by staining spermatid DNA with specific antibody probes. Positive fluorescence in situ end labeling (FISEL) of elongating spermatids supports the idea that abundant DNA nicks emerge transiently in the course of normal spermatid differentiation. The technique allows one to visualize endogenous DNA strand breaks directly in non-apoptotic cells.
MATERIALS AND METHODS

Sample Preparation
Sixteen-week-old male C57BL/6J mice and male Wistar rats were killed by cervical dislocation. The testes and the cauda epididymis were removed and placed in phosphate-buffered saline (PBS; 136 mM NaCl, 2 mM KCl, 10.6 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.3) as quickly as possible. The testicular tissue was cut into small pieces, and the seminiferous tubules were emptied by squeezing with fine forceps. Mature sperm cells were collected by squeezing the vas deferens and cauda epididymis. The resulting cell suspensions were transferred to 15-mL centrifuge tubes and allowed to settle for 10-15 min. The supernatants were then carefully removed with a pipet and transferred to new centrifuge tubes. Testicular cells and sperm, respectively, were washed in PBS twice and resuspended in PBS containing 0.2% Triton ® X-100 (Sigma Chemical, St. Louis, MO, USA) and 0.1% saponine (Sigma Chemical). After 30-min incubation on ice, approximately 10 6 testicular cells or sperm were centrifuged onto a clean glass slide at 800 rpm for 4 min, using a Shandon Cytospin ® 3 (Shandon Scientific, Pittsburgh, PA, USA). Immediately after cytocentrifugation, the preparations were fixed in absolute methanol for 30 min at -20°C and then rinsed in ice-cold acetone for a few seconds. After brief air drying, slides were used for immunofluorescent experiments. Cryostat sections were prepared according to the method of Smith and Benavente (25) .
Immunofluorescence Staining
Cell preparations were incubated at 37°C with mouse monoclonal antibodies against DNA or the thymidine analog 5-bromodeoxyuridine (BrdU) (Boehringer Mannheim, Mannheim, Germany) and human CREST autoantibodies against centromeric proteins and synaptonemal complexes (12) , appropriately diluted with PBS, in a humidified incubator for 30 min. The slides were washed in PBS 3 ×for 10 min each and then incubated for 30 min with Cy ™3-or fluorescein isothiocyanate (FITC)-conjugated anti-mouse and anti-human immunoglobulin G (Dianova, Hamburg, Germany), diluted 1:50 with PBS. After three further washes with PBS, the preparations were processed for FISEL. The incorporated biotin-dUTP is detected with FITC-avidin (Vector Laboratories, Burlingame, CA, USA) diluted 1:200 with PBS. After three further washes with PBS, the preparations were counterstained with 1 µ g/mL 4,6-diamidino-2-phenylindole (DAPI) in 2 × sodium saline citrate (SSC) (0.30 M NaCl, 0.03 M sodium citrate) for 5 min, and coverslips were mounted with VECTASHIELD ® (Vector Laboratories). For positive controls, slides were incubated with 0.1 U/mL DNase I (Boehringer Mannheim) in 50 mM Tris-HCl, pH 7.8, 5 mM MgCl 2 , and 50 µ g/mL bovine serum albumin for 5 min before FISEL staining.
Fluorescence In Situ End Labeling
In Situ Labeling of Single-Stranded DNA
The cycle time to produce spermatozoa from mitotic spermatogenic cells in mice is approximately 5 weeks. To label sperm DNA with BrdU, a subset of mice were supplied with drinking water containing 0.5 mg/mL BrdU (Sigma Chemical) continuously for more than 6 weeks (17) . Since the anti-BrdU antibody only recognizes the halogenated base analog incorporated into chromosomal DNA if the DNA is in the singlestranded form, anti-BrdU immunofluorescence is a very sensitive technique to visualize single-stranded (ss)DNA inside the nucleus (T. Haaf, unpublished). Anti-BrdU antibody staining of undenatured testicular cells of BrdU-fed animals was performed as described above. As a control, some slides were denatured in 70% formamide, 2 ×SSC for 1 min at 80°C and then dehydrated in an alcohol series. Following denaturation, overall BrdU incorporation was visualized in all meiotic and postmeiotic cell types.
Annexin V Labeling of Apoptotic Cells
Annexin V is a convenient cell-surface marker for apoptotic cells. It binds in a calcium-dependent manner to phosphatidylserine, which is translocated from the interior side of the plasma membrane to the outer leaflet in early stages of apoptosis (15, 29) . Fresh testicular cell suspensions were washed 2 × with PBS. Approximately 10 6 cells were resuspended in 100 µ L of labeling buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCl 2 ) containing 2 µ L fluorescein-conjugated Annexin-V-Fluos ® (Boehringer Mannheim) and 1 µ g/mL propidium iodide. After incubating the cells with Annexin V for 15 min, they were washed with PBS and centrifuged onto a glass slide. The preparations were counterstained with 1 µ g/mL DAPI for 5 min and evaluated by fluorescence microscopy. Apoptotic cells were typically surrounded by a green fluorescing ring representing the translocation of phosphatidylserine from the inner to the outer side of the plasma membrane. In addition, their nuclei exhibited a prominent propidium iodide staining due to incorporation of the dye into dead cells.
Digital Imaging Microscopy
Images were taken with an Axioskop ® 20 Epifluorescence Microscope (Carl Zeiss Jena, Göttingen, Germany) equipped with a thermoelectronically cooled charge-coupled device Model CH250 camera (Photometrics, Tucson, AZ, USA), which was controlled by a Macintosh ® Model 6100/66 computer (Apple Computer, Cupertino, CA, USA). Gray-scale source images were captured separately with filter sets for FITC, Cy3 and DAPI. Gray-scale images were pseudocolored and merged using ONCOR Image ® 2.0 (Oncor, Gaithersburg, MD, USA) and Adobe ® Photoshop ® 3.0 software (Adobe Systems, Mountain View, CA, USA). It is worth emphasizing that although a digital imaging system was used, the fluorescent signals described here were clearly visible by eye through the microscope.
RESULTS
Seminiferous tubule cells were prepared from mouse and rat testicular tissue. Premeiotic, meiotic and postmeiotic cells were present on the slides in adequate numbers. The abundant DNA nicks during spermiogenesis were visualized directly by enzymatic incorporation of biotinylated dUTP. In testicular cell suspensions from five (normal untreated) mice and two rats analyzed, more than 20% of the elongated midspermatids were fluorescing extremely brightly after FISEL ( Figure 1A ), comparable to the staining intensities of apoptotic cells (data not shown). Omission of the enzyme in the reaction mixture resulted in the complete absence of FISEL staining. This rules out nonspecific binding of biotinylated dUTP or FITC-avidin to mid-spermatids and autofluorescence. Under routine conditions (incubation with TdT for 1 h), the preparations demonstrated a uniform FISEL labeling of spermatid DNA. However, when cells were incubated with TdT for only 10 min or less, many FISEL-positive spermatids showed a nonrandom concentration of DNA breaks in distinct foci, which were often localized in the cap region of the spermatid ( Figure 1B ). This suggests that nicking of the DNA occurs at specific sites inside the spermatid nucleus. FISEL-negative elongated spermatids appeared to be somewhat smaller on average than the FISEL-positive ones and, therefore, may represent a later stage of germ-cell development. When FISEL was combined with anti-DNA immunofluorescence, essentially all spermatids showed a punctate to speckled antibody staining of their DNA throughout the nucleus ( Figure 1C ). This implies that the DNA of both FISEL-positive and negative spermatids is accessible to antibody and enzyme molecules. Only very few, if any, round spermatids stained positively. A few (<1%) FISEL-labeled spermatogonia and spermatocytes were also observed. Consistent with the hypothesis that spontaneous germ-cell degeneration occurs in the normal testes (1), these FISEL-positive premeiotic and meiotic stages were considered apoptotic. In contrast, the unexpectedly high percentage of labeled cells in midspermiogenesis strongly argues against the notion that these FISEL-positive spermatids are apoptotic. Spermatids with abundant DNA breaks did not show any signs of abnormal nuclear condensation or fragmentation, which are typical of apoptosis. In addition, testicular cell suspensions were probed by fluorescein-conjugated Annexin V to detect apoptosis-associated plasma membrane changes that involve exposure of phosphatidylserine. As expect - ed, the elongated spermatids did not show binding of Annexin V, indicative of apoptosis. The very few apoptotic germ cells displayed an intensely fluoresceinated plasma membrane and a strong propidium iodide staining of the nucleus (data not shown). Spermatids undergo a terminal differentiation process leading to mature sperm. It is interesting to note that sperm cells obtained from the cauda epididymis and vas deferens never incorporated fluorescent nucleotides in the presence of TdT, even after permeabilization with 0.2% Triton X-100 and 0.1% saponine (Figure 2A ). Positive controls were performed by incubating epididymal sperm with DNase I before FISEL staining. Then the majority of sperm nuclei were found to be intensely labeled ( Figure 2B ). In contrast to the untreated mid-spermatids ( Figure  1B) , DNase I digestion of mature sperm always produced a more or less uniform FISEL labeling. To demonstrate the accessibility of epididymal sperm to enzyme and antibody molecules, permeabilized FISEL-negative cells were reacted with anti-nuclear antibodies directed to either DNA or centromeric proteins. The anti-DNA antibody gave a speckled immunofluorescent pattern ( Figure 2C ), whereas CREST serum highlighted numerous discrete centromere dots in essentially all sperm nuclei ( Figure 2D ). These experiments clearly demonstrate that endogenous breaks in nearly mature and mature sperm are absent or so infrequent that they escape detection by FISEL. The high reactivity of chromatin to TdT emerges transiently in mid-spermatids and then disappears in maturing spermatids and sperm.
FISEL was also performed on cryosections of mouse and rat testes ( Figure  3 ). The freshly frozen sections were briefly fixed and permeabilized in methanol and acetone. In seminiferous epithelium, the cell layers closer to the basement membrane, which are composed of spermatogonia, spermatocytes and round spermatids were always FISEL-negative. In contrast, the vast majority of elongated spermatids in the upper layers were intensely labeled in 20%-40% of the tubules. staining of entire cell layers. Spermatids released into the lumen never stained in the presence of TdT. The observation that FISEL reactivity dramatically differs from tubulus to tubulus may be explained by the fact that seminiferous tubules are in different stages of spermatogenesis, with varying combinations of differentiating spermatids (4). Many apoptosis studies at present rely on FISEL to visualize apoptotic cell nuclei containing fragmented DNA. However, emerging evidence suggests that TdT assays cannot discriminate DNA strand breaks in apoptotic cells from those in necrotic and autolytic cells (8) . Our results suggest that FISEL also detects DNA nicks in cells undergoing functionally significant chromatin modifications. Therefore, antibody staining of ssDNA may provide a more specific and sensitive cellular marker for apoptosis than FISEL, especially during the early stage of cell death. Apoptotic DNA breaks seem to decrease the stability of DNA and enhance its ability to unwind. To exclude the formal possibility that a high percentage of FISEL-positive midspermatids are apoptotic, we have applied a very sensitive BrdU-staining technique for the detection of ssDNA during germ-cell development. The DNA of all spermatogenic cell types was substituted with the base analog BrdU by feeding male mice for 8 weeks with BrdU-containing water. Although BrdU is a proven mutagen (22) , under the experimental conditions chosen, it did not induce germ-cell apoptosis or other abnormalities. The FISEL staining pattern of elongating spermatids in BrdU-treated mice was exactly the same as in untreated animals. As expected, after denaturation of the resulting testicular cell preparations, BrdU incorporation was detected by fluorescent anti-BrdU antibody in all premeiotic, meiotic and post-meiotic stages (data not shown). Since the antibody only recognizes single-stranded BrdUsubstituted DNA, undenatured samples did not show any anti-BrdU antibody labeling of mid-spermatids ( Figure  4A ). The same spermatids displayed anti-centromere antibody staining, demonstrating accessibility of the nuclear epitopes. The absence of ssDNA strongly argues against the notion that FISEL-positive spermatids are apoptotic. Interestingly, nuclear foci containing ssDNA were detected in a high percentage of pachytene stages with fully formed synaptonemal complexes (Figure 4B) . These foci are thought to mark sites of ongoing meiotic DNA recombination, demonstrating the sensitivity of the BrdU technique.
DISCUSSION
Endogenous DNA strand breaks in chromatin can be detected in situ by labeling 3 ′ -OH termini with fluorescent nucleotides in a reaction using exogenous DNA polymerase I (nick translation) or terminal transferase (end labeling). Several papers have already reported a high reactivity of mid-spermatids to in situ nick translation in which E. coli DNA polymerase I initiates a reaction at DNA nicks in the absence of exogenous DNase (16, 21, 24) . In contrast, no positive in situ end labeling was observed in maturing spermatids previously (27) . It has been proposed that the end-labeling assay is specific for apoptotic cells, allowing discrimination of apoptotic DNA fragmentation from primary DNA strand breaks in non-apoptotic sperm cells (9, 10) . However, in the present study, when mouse and rat testicular preparations were subjected to FISEL, we consistently observed specific enzymatic labeling of a subset of spermatids. Since TdT adds multiple fluorescent dUTP molecules per endogenous DNA nick, the chain length of the newly synthesized polynucleotide is determined by the ratio of dUTP in the reaction mixture to the number of free 3 ′ -OH ends in DNA (3). To ensure a high sensitivity, the reaction was carried out at high dUTP and enzyme concentrations. Under the experimental conditions chosen, FISEL can be applied for the quantitative analysis of primary DNA strand breaks during cell growth and differentiation.
Spermatozoa represent one of the most highly differentiated cell types of the body. During mammalian spermiogenesis, chromatin undergoes a series of changes in protein composition and organization. The normal nucleosomal packaging of DNA in somatic and meiotic cells is transformed into a highly condensed and transcriptionally inactive form referred to as nucleoprotamine, which is observed in mature sperm (2, 19) . Mid-spermatids have a much higher number of DNA nicks than other testicular cell types and somatic and testis-specific histones are replaced by transition proteins (11) . This repackaging requires an extensive relaxation of the superhelical chromatin structure. Topoisomerase II, an endonuclease that is still present in an active state in terminally differentiated spermatids, may be involved in the nicking of spermatid DNA (21, 23) . Subsequently, the transition proteins are replaced by protamine, a small and extremely basic protein that yields a biochemically inert almost crystalline chromatin structure (2) . FISEL demonstrates that endogenous nicks have disappeared in the highly condensed DNA of mature spermatozoa. Therefore, differentiating spermatids must be equipped with an enzyme activity responsible for the repair of DNA breaks. The presence of abundant DNA nicks at a stage when dramatic chromatin modifications occur suggests that they have a functional significance. Cleavage of mid-spermatid DNA may accompany the cellular programs for chromatin compaction and transcriptional silencing. It seems plausible to assume that spermatogenic disturbances leading to the persistence of DNA nicks in mature sperm are associated with male infertility. Indeed, in situ nick translation and fluorochrome assays showed significantly higher frequencies of spermatozoa with DNA breaks in semen samples of infertile males than in controls (10, 20) . Since FISEL is very simple and fast, it may become a routine test for monitoring sperm quality in subfertile men and after exposure to irradiation or clastogens.
Endogenous DNA nicks appear to be focally concentrated in elongating spermatids. Although the cell nucleus has no Vol. 25 
